The Microtubule Regulator NEK7 Coordinates the Wiring of Cortical Parvalbumin Interneurons by Hinojosa, Antonio Jesús et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
King’s Research Portal 
 
DOI:
10.1016/j.celrep.2018.06.115
Document Version
Publisher's PDF, also known as Version of record
Link to publication record in King's Research Portal
Citation for published version (APA):
Hinojosa, A. J., Deogracias, R., & Rico, B. (2018). The Microtubule Regulator NEK7 Coordinates the Wiring of
Cortical Parvalbumin Interneurons. Cell Reports, 24(5), 1231-1242. DOI: 10.1016/j.celrep.2018.06.115
Citing this paper
Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volume/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.
General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.
•Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
•You may not further distribute the material or use it for any profit-making activity or commercial gain
•You may freely distribute the URL identifying the publication in the Research Portal
Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.
Download date: 15. Aug. 2018
ArticleThe Microtubule Regulator NEK7 Coordinates the
Wiring of Cortical Parvalbumin InterneuronsGraphical AbstractHighlightsd Nek7 is specifically expressed by GABAergic interneurons
during cortical wiring
d Loss of Nek7 in vitro alters microtubule dynamics, axon
steering, and morphology
d Loss of Nek7 in vivo impairs the morphology and synaptic
outputs of PV interneuronsHinojosa et al., 2018, Cell Reports 24, 1231–1242
July 31, 2018 Crown Copyright ª 2018
https://doi.org/10.1016/j.celrep.2018.06.115Authors
Antonio Jesu´s Hinojosa,
Rube´n Deogracias, Beatriz Rico
Correspondence
beatriz.rico@kcl.ac.uk
In Brief
Mature cortical circuits emerge during
development by the integration of two
morphologically distinguished neuronal
populations, pyramidal cells and
interneurons. Hinojosa et al. reveal a
molecular program by which a
microtubule-associated kinase
specifically controls the shape and wiring
of cortical interneurons.Data and Software AvailabilityGSE115948
Cell Reports
ArticleThe Microtubule Regulator NEK7 Coordinates
the Wiring of Cortical Parvalbumin Interneurons
Antonio Jesu´s Hinojosa,1,2,3 Rube´n Deogracias,1,2,3 and Beatriz Rico1,2,3,4,*
1Centre for Developmental Neurobiology, Institute of Psychiatry, Psychology andNeuroscience, King’s College London, LondonSE1 1UL,UK
2MRC Centre for Neurodevelopmental Disorders, King’s College London, London SE1 1UL, UK
3Instituto de Neurociencias, Consejo Superior de Investigaciones Cientı´ficas & Universidad Miguel Herna´ndez, Sant Joan d’Alacant 03550,
Spain
4Lead Contact
*Correspondence: beatriz.rico@kcl.ac.uk
https://doi.org/10.1016/j.celrep.2018.06.115SUMMARY
Functional networks in the mammalian cerebral
cortex rely on the interaction between glutamatergic
pyramidal cells and GABAergic interneurons. Both
neuronal populations exhibit an extraordinary diver-
gence in morphology and targeting areas, which
ultimately dictate their precise function in cortical
circuits. How these prominent morphological differ-
ences arise during development is not well under-
stood. Here, we conducted a high-throughput screen
for genes differentially expressed by pyramidal cells
and interneurons during cortical wiring. We found
that NEK7, a kinase involved in microtubule polymer-
ization, is mostly expressed in parvalbumin (PV+)
interneurons at the time when they establish their
connectivity. Functional experiments revealed that
NEK7-deficient PV+ interneurons show altered
microtubule dynamics, axon growth cone steering
and reduced axon length, arbor complexity, and total
number of synaptic contacts formed with pyramidal
cells. Altogether, our results reveal a molecular
mechanism by which the microtubule-associated ki-
nase NEK7 regulates the wiring of PV+ interneurons.INTRODUCTION
Identifying the mechanisms by which neurons are precisely
wired in specific circuits is critical to elucidate how the extraordi-
nary complexity of brain function emerges. During development,
wiring takes place through an ordered sequence of steps. The
classical view of neural circuitry assembly proposes that axons
first grow toward their target area, arborize through collateral
extensions that are subsequently remodeled, and finally form
synapses with the corresponding cellular targets (Kolodkin and
Tessier-Lavigne, 2011; Shen and Scheiffele, 2010). These events
are triggered by local extracellular cues, which instruct active
crosstalk with different components of the cytoskeleton (Conde
and Ca´ceres, 2009; Hoogenraad and Bradke, 2009; Kalil and
Dent, 2014; Navarro and Rico, 2014).Cell Re
This is an open access article undThere are two main classes of neurons in the mammalian ce-
rebral cortex, glutamatergic pyramidal cells, which are excitatory
projection neurons, and GABAergic interneurons, which form
inhibitory local connections (Custo Greig et al., 2013; DeFelipe
et al., 2002; Fishell and Rudy, 2011). The wide diversity of pyra-
midal cells and interneurons is defined by a unique set of neuro-
chemical, morphological, connectivity, and firing features that
are built by specific molecular programs. Among these features,
one striking difference between pyramidal cells and interneurons
is the morphology of their axons and dendrites. Pyramidal cell
dendrites expand toward different cortical layers in a stereo-
typed fashion, and their axons typically target cells in other
layers, as well as other cortical and subcortical areas. On the
contrary, interneuron dendrites and axons very often remain in
relatively close proximity to the cell soma. In addition, whereas
the axons of pyramidal cells are straight, interneuron axons are
profusely branched and follow convoluted paths that often
correlate with the position of their postsynaptic targets (Dumitriu
et al., 2007; Huang et al., 2007; Stepanyants et al., 2004; Trem-
blay et al., 2016). The molecular mechanisms regulating axon
development and synapse formation in pyramidal cells have
been studied in detail (de Wit and Ghosh, 2016; Conde and Ca´-
ceres, 2009; Kalil and Dent, 2014; Kolodkin and Tessier-Lavigne,
2011; McAllister, 2007; Navarro and Rico, 2014), but our under-
standing of these mechanisms in interneurons is very rudimen-
tary. A large body of evidence suggests that small variations in
the development of GABAergic interneurons may lead to neuro-
developmental disorders (Marı´n, 2012). Therefore, the identifica-
tion of molecules that coordinate the development of these cells
not only represents a major scientific advance but also has
important biomedical implications.
Previous studies have identified genes that are differentially
expressed among various populations of cortical neurons (Cem-
browski et al., 2016; Sugino et al., 2006; Zeisel et al., 2015). How-
ever, how these unique molecular profiles emerge during devel-
opment is not well understood. Here, we took a transcriptome
approach to identify genes that are differentially expressed by
GABAergic interneurons and pyramidal cells during the wiring
of cortical circuits. We identify the never in mitosis A (NIMA)-
related kinase Nek7 (Morris, 1976; O’Connell et al., 2003) as
one of the most enriched transcripts in interneurons during this
critical period in cortical development. Targeted downregulation
of Nek7 disrupts microtubule and growth cone dynamics, altersports 24, 1231–1242, July 31, 2018 Crown Copyright ª 2018 1231
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
axonal arbor morphology, and causes a reduction in synaptic
contacts made by parvalbumin (PV+) interneurons. Our study
identifies NEK7 as an essential regulator of a molecular program
that regulates microtubule dynamics and axon development in
PV+ interneurons.
RESULTS
Identification of Differentially Expressed Genes during
the Wiring of GABAergic Interneurons
Pyramidal cells and interneurons are remarkably different in
morphology and synaptic targeting with distinct contributions
to the cortical network. To understand how this heterogeneity
emerges, we searched for differentially expressed genes be-
tween these two neuronal populations during cortical wiring.
We selected the temporal window when cortical neurons
develop axons and synapses to establish mature circuitries
(Ben-Ari, 2002; De Felipe et al., 1997; Larsen and Callaway,
2006) (Figure S1). We used fluorescence-activated cell sorting
(FACS) to isolate pyramidal cells and interneurons using mice re-
porting these populations with GFP at two different stages and
subsequently carried out transcriptome analyses (Figure 1A).
We performed an unsupervised principal-component analysis
demonstrating that each replicate clusters with the correspond-
ing conditions (Figure S2A). In addition, we found no outliers
when comparing the overall distribution of signal intensities be-
tween microarrays (Figure S2B). To assess the purity of the iso-
lated populations, we searched for genes that are known to be
enriched in each of these cell types and upregulated between
the different postnatal ages (Figure S2C; Table S1). We then car-
ried out further bioinformatic analyses to search for genes
differentially expressed in cortical interneurons compared with
pyramidal cells andwith higher expression at P10 than at P0 (Fig-
ure 1B). We identified a gene set of 133 transcripts with these
characteristics (Table S1). The Gene Ontology (GO) database re-
vealed that the most abundant categories included axon- and
synapse-related structures, synaptic neurotransmission path-
ways, and genes encoding for extracellular matrix proteins (Fig-
ures S2D and S2E).
We next ranked the 133 differential expressed genes accord-
ing to two criteria: the specificity ratio, defined by the normal-
ized mean expression within the population of interneurons at
P10 compared with the expression across other populations
(Kryuchkova-Mostacci and Robinson-Rechavi, 2017), and the
transcript expression levels in interneurons at P10 (Figure 1C).
On the basis of these criteria, one of the first candidate genes
was the serine/threonine kinase Nek7, which encodes a protein
involved in microtubule dynamics (Cohen et al., 2013) (Fig-
ure 1C). qPCR experiments confirmed these findings (Figures
S3A–S3D). Moreover, we found that half of Nek7-expressing
cells are putative PV+ cells at P10 (52.4 ± 7.6%; Figures 1D
and 1F) and that Nek7 was expressed in a subpopulation of
these cells (40.6 ± 2.8%; Figures 1D and 1G). We confirmed
that the expression of Nek7 was predominantly in PV+ interneu-
rons at P30 (PV+, 77.0 ± 2.7%; Figures 1E and 1F; SST+,
10.2 ± 0.5%; Figures S3E–S3G) and that a large number of
PV+ cells express Nek7 (60.9 ± 2.0%; Figures 1E and 1G).
Our observations are consistent with those of other studies1232 Cell Reports 24, 1231–1242, July 31, 2018showing that the majority of PV+ interneurons express Nek7
transcripts (Nakajima et al., 2014; Tasic et al., 2016). Within
the PV population, we found that the percentage of NEK7+
PV+ cells was significantly higher in layer VI than in other layers
(Figures S4A and S4B). We did not find any correlation with the
soma size or with the levels of PV, consistent with the previ-
ously reported expression of the kinase in all PV clusters (Fig-
ures S4C–S4E; Tasic et al., 2016). These results reveal that
Nek7 is a gene highly enriched in PV+ interneurons and upregu-
lated during postnatal development, which suggests that it
might play a role in the morphological differentiation and
network integration of PV+ cells.
Nek7 Knockdown Accelerates Microtubule Dynamics
and Alters Axon Steering
NEK7 has been shown to mediate microtubule-dependent pro-
cesses in both dividing and non-dividing cells (Fry et al., 2012;
Kim et al., 2007; Yissachar et al., 2006), probably through the
regulation of microtubule dynamics (Cohen et al., 2013).
Because microtubule dynamics are essential for axon and
dendrite development in neurons (Conde and Ca´ceres, 2009;
Dent et al., 2011; Gordon-Weeks, 2004; Kalil and Dent, 2014),
we hypothesized that NEK7 could also regulate microtubule dy-
namics during thematuration of interneurons. Indeed, NEK7was
enriched in the central domain of interneuron growth cones, a
subcellular compartment often populated by highly dynamic mi-
crotubules (tyrosinated microtubules) (Dent and Kalil, 2001) (Fig-
ure S5). To test this hypothesis, we explored the dynamic
behavior of microtubules as reported by the plus-end-binding
protein 3 (EB3) using in vitro time-lapse imaging (Stepanova
et al., 2003). Similarly to in vivo, Nek7 expression was also
increasing during axonal development in vitro (Figure S3D). To
downregulate the expression of Nek7, we engineered a Cre-
dependent conditional vector expressing a short hairpin RNA
(shRNA) against Nek7 along with the fluorescent marker
mCherry as a reporter of recombination (Figure 2A). We as-
sessed the ability of Nek7 shRNA to decrease Nek7 levels
in vitro in HEK cells expressing exogenous full-length Nek7 (Fig-
ures S6A and S6B). To visualize local microtubule polymeriza-
tion, we co-transfected Nkx2-1Cre primary cortical cultures
at 7 days in vitro (DIV) with Cre-dependent plasmids for Nek7
or a control shRNA and a plasmid encoding EB3-YFP (Figure 2A).
Although Nkx2-1Cre does not exclusively drive recombination in
PV+ cells (Maroof et al., 2010), it allows the recombination of the
conditional constructs when the axons are still highly dynamic.
We observed that downregulation of Nek7 in interneurons
increases the average speed of EB3-YFP comets compared
with controls (Figures 2B–2H and Videos S1, S2, and S3). As ex-
pected, differences were observed only in a subpopulation of
Nkx2-1 growth cones, presumably in putative PV+ interneurons
that normally express Nek7 (Figure 2I). We confirmed that the
abnormal microtubule behavior was specifically caused by
Nek7 knockdown, because we rescued the average speed
of EB3-YFP comets with dual infections of Nek7 shRNA with
an shRNA-resistant full-length NEK7 (mNek7; Figures 2D, 2G,
and 2H).
To examine whether the deficits in microtubule growth led to
alterations in axon development, we explored the dynamic
Figure 1. Nek7 Transcripts Are Upregulated during GABAergic Interneuron Wiring and Expressed Mostly in PV+ Cells
(A) Schematic of genetic screening. Cortices from different GFP+ reporter lines were dissected, and cells were dissociated and FACS sorted and their RNA
hybridized to microarrays.
(B) Bioinformatic comparisons of neuronal populations.
(C) Heatmap showing the expression levels of the 20 first ranked genes. Nek7 is highlighted in red.
(D) Confocal images showing in situ hybridization for Nek7 (red) and immunohistochemistry for GFP (green) and SST+ (cyan) in the somatosensory cortex of P10
Lhx6Cre;RCE mice. GFP+ and SST+ are somatostatin cells, GFP+ and SST are putative PV+ interneurons.
(E) Confocal images showing in situ hybridization for Nek7 (red) and immunohistochemistry for PV+ cells (green) in the somatosensory cortex of P30 wild-type
mice. In (D) and (E), filled arrowheads denote colocalization, and open arrowheads denote no colocalization.
(F) Percentage of PV+ (gray) among all Nek7-expressing cortical cells at P10 and P30.
(G) Percentage ofNek7-positive cells among all PV-expressing neurons at P10 and P30. IN, interneurons (red); Pyr, pyramidal cells (blue). Data are represented as
mean ± SEM. Scale bar represents 50 mm.
See also Figures S1–S4.
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Figure 2. Nek7 Knockdown Accelerates Microtubule Growth
(A) Diagram of the Cre-dependent constructs expressing mCherry and shRNA. The plasmids were co-transfected with EB3-YFP, and mNek7 for the rescue, in
primary cortical cultures from Nkx2-1Cre mice at 4 DIV, and axons were recorded at 7 DIV.
(B–D) Confocal Z projection frames from control shRNA (B), Nek7 shRNA (C), and rescue with mNek7 (D) Nkx2-1Cre growth cones expressing mCherry (red,
before the time-lapse) and EB3-YFP (gray, time-lapse). The path of EB3-YFP comets is tracked with a red line. Scale bar represents 2 mm.
(E–G) Kymographs of EB3 comets in control (E), Nek7 shRNA (F), and rescue (G) growth cones showing their existence time as a function of distance.
(H and I) Average speed (H) and speed distribution of EB3 comets (I) comparing control (n = 31 growth cones), Nek7-depleted cells (n = 35 growth cones), and
mNek7 rescue cells (n = 35 growth cones) from three independent cultures. All growth coneswith EB3 cometswere quantified. One-way ANOVA (H) and c2 test (I).
*p < 0.05 and **p < 0.01. Data are represented as mean ± SEM (H) or total cell percentage (I).
See also Figures S5–S7 and Videos S1, S2, and S3.behavior of axons in vitro (Figure 3; Videos S4, S5, and S6).
Although axon growth speed was similar between control and
Nek7 shRNA-expressing neurons, we observed that Nek7-
depleted growth cones have increased turning angles compared
with controls, which suggested a meandering behavior (Figures
3B–3F). This abnormal turning angle was also rescued by ex-1234 Cell Reports 24, 1231–1242, July 31, 2018pressing mNek7 in interneurons (Figures 3D–3F). As before,
differences in growth cone turning were observed only in a sub-
population of Nkx2-1 neurons, most likely the Nek7-expressing
PV+ interneurons (Figure 3G). Together, these results demon-
strate that NEK7 regulates microtubule dynamics and axon
steering in interneurons.
Figure 3. Nek7 Depletion Impairs Axonal Growth Cone Dynamics In Vitro
(A) Schematic of experimental design with the Cre-dependent plasmids transfected in Nkx2-1Cre primary cortical cultures at 4 DIV and axons recorded at 7 DIV.
(B–D) Confocal Z projection frames from axons expressing control (B), Nek7 shRNA (C), and mNek7 rescue (D). The last frame in the sequence shows super-
imposed images of the frames t = 0 min (red), t = 15 min (green), t = 30 min (blue), and t = 45 min (white). Scale bar represents 5 mm.
(E–G) Axonal speed (E), average of growth cone maximum turning angle (F), and its distribution (G) from cells expressing control shRNA (n = 64 growth cones),
Nek7 shRNA (n = 59 growth cones), and mNek7 (n = 85 growth cones) from three or four independent cultures. All growth cones increasing in length were
quantified. Kruskal-Wallis test, pairwise comparisons (E and F), and c2 test (G). Data are represented as mean ± SEM (E and F) or total cell percentage (G).
**p < 0.01 and ***p < 0.001; n.s., not significant. See also Figures S6 and S7 and Videos S4, S5, and S6.NEK7 Function Is Required for the Morphological
Development of Interneurons
Our previous results suggest that microtubule dynamics and
axonal behavior in interneurons seem to depend on NEK7 func-
tion. Because interneuron axonal arbors are highly branched and
convoluted (Dumitriu et al., 2007; Jiang et al., 2015; Tremblay
et al., 2016), defects in axon dynamics may affect normal axonal
morphology in these cells. To test whether NEK7 is required for
interneuron axonal arborization, we transfected primary cortical
cultures obtained from Nkx2-1Cre mice with control or Nek7
shRNA expression vectors and compared the morphology of
axonal arbors in both conditions (Figure 4A). We found that the
average neurite length was significantly decreased in interneu-
rons with Nek7 knockdown compared with controls (Figures
4B–4E). As for other parameters, the reduction in neurite length
was restricted to a fraction of the cells, presumably PV+ inter-
neurons (Figure 4F). We found that axon complexity and the
number of branches were also decreased in interneurons
expressing Nek7 shRNA compared with controls (Figures 4B,
4C, and 4G–4I). Consistently, the total neurite length,
complexity, and axonal branches were rescued by mNek7
expression in interneurons (Figures 4D–4I). Our results demon-
strate that NEK7 regulates different aspects of axon develop-
ment in interneurons.Given that pyramidal cells do not expressed NEK7 (Figures
1C, S3A, and S3B), we wondered whether NEK7 was sufficient
to modify microtubule dynamics and axonal development if ex-
pressed ectopically in pyramidal cells. Specific overexpression
of Nek7 in pyramids showed similar microtubule dynamics,
axonal behavior, and morphology as control pyramidal cells
(Figure 5). Altogether, our findings reveal that NEK7 is part of
an interneuron-specific molecular program orchestrating axon
development.
Kinase-Dependent and Kinase-Independent Functions
of NEK7 in Axon Development
NEK7 is a serine/threonine kinase with a highly conserved cata-
lytic domain (Haq et al., 2015; O’Connell et al., 2003). To examine
whether the catalytic activity of NEK7 was required for microtu-
bule dynamics and axon behavior, we engineered a Cre-depen-
dent Nek7 kinase-dead mutant (Nek7 KD) that was transfected
in primary cultures as described above. We found that the
NEK7 kinase-dead mutant did not rescue the microtubule dy-
namics and growth cone turning from Nek7 knockdown,
showing that they depend on the catalytic activity of NEK7;
intriguingly, neurite length and branching points were rescued
(Figure S7). These different rescue outcomes could be explained
by previously reported residual activity of the kinase-deadCell Reports 24, 1231–1242, July 31, 2018 1235
Figure 4. Loss of NEK7 Alters Interneuron
Morphology In Vitro
(A) Schematic of experimental design. pDIO-
shRNA was transfected in Nkx2-1Cre primary
cortical cultures.
(B–D) Confocal Z projections of Nkx2-1Cre in-
terneurons from cortical cultures transfected with
control shRNA (B),Nek7 shRNA (C), andmNek7 for
rescue (D) expressing mCherry. The cells were
automatically reconstructed and masked in black
at 12 DIV. Scale bars represent 200 mm.
(E–I) Average of total neurite length (E) and its
distribution (F), Sholl analysis (G), total branching
points (H), and branching points per unit length (I)
of control shRNA (n = 47), Nek7 shRNA (n = 45),
and rescue (n = 46) transfected neurons from three
or four independent cultures. All imaged cells were
quantified. Kruskal-Wallis test, pairwise compari-
sons (E, H, and I), c2 test (F), and two-way ANOVA
with Bonferroni correction (G).
*p < 0.05, **p < 0.01, and ***p < 0.001. Data are
represented as mean ± SEM. See also Figures S6
and S7.mutant (O’Regan and Fry, 2009) or by a secondary function of
NEK7 independent of its kinase activity.
PV+ Interneuron Axon Complexity and Wiring Require
NEK7 Function In Vivo
To investigate whether NEK7 regulates PV interneuron axon
development in vivo, we introduced Cre-dependent conditional
vectors expressing Nek7 shRNA or control shRNA in adeno-
associated viral vectors (AAV) and validated the ability of Nek7
shRNA to knockdown Nek7 levels in vivo (Figures S6C–S6G).
We next performed in utero ventricular viral injections in Lhx6Cre
mice (Figure 6A), which allow a sparse infection of the virus to
efficiently target isolated PV+ cells for subsequent reconstruc-
tion of their neurite arbor labeled with mCherry (Figures 6B and
6C). We found that the total neurite length of Nek7-knockdown
cells was reduced compared with control neurons (Figures 6D–
6F). In addition, we observed a consistent decrease in neurite
complexity in the distal neurites (Figures 6D, 6E, and 6G).
Because PV+ cell dendrites are simpler compared with their1236 Cell Reports 24, 1231–1242, July 31, 2018axons (Ascoli et al., 2008), the observed
morphological deficits were likely illus-
trating an impaired axon development. In
contrast to our in vitro data, axonal
branching parameters were similar be-
tween conditions (Figures 6H and 6I). Alto-
gether, these findings demonstrate that
NEK7 is required for the normal develop-
ment of PV+ interneuron axonal arbor.
There is a strong correlation between
axon development and synapse forma-
tion. Indeed, the growth of axonal arbors
seems largely dictated by the formation
of stable synaptic contacts (Alsina et al.,
2001; Meyer and Smith, 2006; Ruthazer
et al., 2006), and changes in the axonalarborization will influence the number of presynaptic inputs
(Rico et al., 2004). To test whether the lack of NEK7 causes syn-
aptic deficits, we first quantified the density of PV+ synaptic ter-
minals (containing synaptotagmin 2, SYT2+ boutons) (Som-
meijer and Levelt, 2012) in reconstructed PV+ cell arbors
(Figure 7A). We found that PV+ interneurons lacking NEK7 had
a lower density of SYT2+ synaptic boutons compared with con-
trol conditions (Figures 7B–7D). This result suggested that
NEK7-deficient PV+ axons form fewer synaptic terminals than
control interneurons.
Next, we investigated whether abnormal axon and synaptic
terminal development may affect the final wiring of PV+ interneu-
rons. To this end, we assessed the connectivity between PV+ in-
terneurons and pyramidal cells by carrying out postnatal infec-
tions to target a large number of interneurons, as previously
described (Favuzzi et al., 2017) (Figure 7A). We quantified
SYT2+ boutons from mCherry+ targeted PV+ cells contacting
NeuN+ somata. We observed that the percentage of PV+ cells
infected in the area was linearly correlated with the percentage
Figure 5. Nek7 Overexpression in Pyramids
Does Not Alter Their Axonal Development
(A and B) Confocal Z projection frames from
NexCre growth cones expressing mCherry (red,
before the time-lapse), EB3-YFP (gray, time-lapse),
and mNek7 in the Nek7 condition. Control (A) and
mNek7 (B). The path of EB3-YFP comets is tracked
with a red line.
(CandD)Confocal Zprojection frames fromNexCre
growth cones. Control (C) and mNEK7 (D). The last
frame in the sequence shows superimposed im-
ages of the frames t = 0min (red), t = 15min (green),
t = 30 min (blue), and t = 45 min (white).
(E and F) Confocal Z projections of NexCre in-
terneurons expressing mCherry. Control (E) and
mNek7 (F). The cells were automatically re-
constructed and masked in black at 8 DIV.
(G) Average speed of EB3 comets comparing
control pyramids (A; n = 53 growth cones) and
Nek7-expressing pyramids (B; n = 54 growth
cones) from three independent cultures.
(H and I) Average of growth cone maximum turning
angle (H) and axonal speed (I) from control pyra-
mids (C; n = 73 growth cones) and Nek7-ex-
pressing pyramids (D; n = 74 growth cones) from
three independent cultures.
(J and K) Neurite length (J) and branching points (K)
comparing control pyramids (E; n = 44 cells) and
Nek7-expressing pyramids (F; n = 38 cells) trans-
fected neurons from three independent cultures.
One-way ANOVA (G and I) and Mann-Whitney test
(H, J, and K). n.s., not significant. Data are repre-
sented as mean ± SEM. Scale bars represent 2 mm
(A and B), 5 mm (C and D), and 200 mm (E and F).of SYT2+/mCherry+ boutons (Figure S6H), and we therefore
normalized the number of mCherry+ boutons on each pyramidal
cell soma to the percentage of infected PV+ cells in the area to
compare across samples. We found a consistent decrease in
the percentage of SYT2+/mCherry+ boutons in Nek7-knock-
down interneurons compared with controls (Figures 7E–7H).
The synaptic phenotype was consistently restored by mNek7Cell(Figures 7G, 7H, S6I, and S6J). Taken
together, these results reinforce the notion
that Nek7 depletion from PV+ interneu-
rons causes defects in axonal arborization
and altered synaptic connectivity.
DISCUSSION
During postnatal development, pyramidal
cells and interneurons undergo extraordi-
narily divergent transformations in their
morphologies. Pyramidal cell dendrites
acquire a very stereotyped polarity and
complexity, and pyramidal cell axons
follow a near-linear path toward their
long-range targets (Spruston, 2008; Ste-
panyants et al., 2004). In contrast, inter-
neuron dendrites are less elaboratedthan those of pyramidal cells, but their axonal arbors have a
remarkably tortuous outgrowth to form dense networks of
local connections (Jiang et al., 2015; Stepanyants et al.,
2004). Although these morphological differences are very
evident, little is known about the molecular mechanisms un-
derlying their divergent development. In this study, we ad-
dressed this question by carrying out a high-throughputReports 24, 1231–1242, July 31, 2018 1237
Figure 6. Loss of NEK7 Causes Abnormal
PV+ Neuronal Morphology In Vivo
(A) Schematic of experimental design. Cre-
dependent AAVs expressing shRNA and the fluo-
rescent marker mCherry were injected in E15.5
Lhx6Cre mice in vivo.
(B and C) Targeted mCherry+ interneurons (B) that
were PV+ (C) were selected for the analysis.
(D and E) Confocal Z projections of PV+ in-
terneurons expressing control shRNA (D) andNek7
shRNA (E) reported by mCherry. The cells were
automatically reconstructed and masked in black
from layer V of somatosensory cortex at P21.
(F–I) Average of total neurite length (F), Sholl
analysis (G), total branching points (H), and
branching points per 100 mmof neurite (I) of control
shRNA (n = 30 PV+ neurons, from 10 mice)
and Nek7 shRNA (n = 27 PV+ neurons, from
8 mice) infected neurons. One-way ANOVA (F, H,
and I) and two-way ANOVA with Bonferroni
correction (G).
*p < 0.05, **p < 0.01, and ***p < 0.001; n.s., not
significant. Data are represented as mean ± SEM.
Scale bars represent 200 mm (B) and 50 mm (C–E).
See also Figure S6.genetic screen to identify differentially expressed genes during
the wiring of GABAergic interneurons, highlighting the kinase
NEK7 as a regulator of PV+ interneuron connectivity. Loss of
NEK7 from putative PV+ cells alters the dynamics of both mi-
crotubules and growth cones and causes an abnormal axonal
arborization and a reduction in the number of PV+ synaptic in-
puts impinging onto pyramidal cells. Altogether, our results
unveil a specific molecular mechanism by which the microtu-
bule-associated kinase NEK7 instructs the wiring of PV+
interneurons.
Several transcriptome analyses in the mouse cerebral cortex
have previously defined the molecular profiles of mature gluta-
matergic pyramidal cells and GABAergic interneurons (Sugino
et al., 2006; Tasic et al., 2016). However, information is missing
about the developmental emergence of the molecular programs
that define the profoundmorphological and functional character-1238 Cell Reports 24, 1231–1242, July 31, 2018istics that distinguish pyramidal cells and
interneurons. An elegant forward genetic
screening in vitro, aiming to identify differ-
entially expressed genes between gluta-
matergic and GABAergic neurons during
synaptogenesis, described mostly com-
monmediators for both types of synapses
rather than specific regulators of each
type (Paradis et al., 2007). Our study un-
veils a set of 133 genes enriched in inter-
neurons during axon development and
synapse formation in vivo. The validation
of NEK7, one of the most prominent
candidates, as a regulator of inter-
neuron axon development supports our
approach to identify molecules involved
in GABAergic wiring, thus providing asolid database to further expand this analysis to other candidate
genes.
NEK7 has been previously involved in the formation of micro-
tubule-based structures and the regulation of microtubule dy-
namics in cell lines and fibroblasts (Cohen et al., 2013; Kim
et al., 2007; O’Regan and Fry, 2009; Salem et al., 2010; Yissa-
char et al., 2006). Specifically, loss of NEK7 decreases the
growth and catastrophe rates of the microtubules in these cells
(Cohen et al., 2013). In the cerebral cortex, Nek7 transcripts
are expressed mainly in PV+ interneurons, which are character-
ized by very complex and unique axonal arbors (Dumitriu et al.,
2007; Jiang et al., 2015; Tremblay et al., 2016). As in non-
neuronal cells, NEK7 also regulates microtubule dynamics in
PV+ interneurons and, as a consequence, axon development.
Interestingly, we have found that not only is the expression of
Nek7 specific to interneurons in the cerebral cortex, but its
Figure 7. Nek7 Knockdown Decreases PV+ Interneuron Outputs
(A) Schematic of the experimental design. Cre-dependent virus expressing shRNA and the fluorescent markermCherrywere injected in E15.5 (left) and P3 (right)
Lhx6Cre mice in vivo. Boutons co-stained with SYT2 and mCherry were quantified either inside PV+ arbors or onto NeuN+ somata.
(B and C) Confocal Z projections and Imaris 3D reconstructions showing control shRNA (B) and Nek7 shRNA (C) infected PV+ cells expressing mCherry (red) in
axons containing SYT2+ boutons (blue).
(D) SYT2+ bouton density per unit area of neurite comparing control shRNA (n = 24 PV+ neurons from four mice) and Nek7 shRNA (n = 22 PV+ neurons from six
mice). Student’s t test.
(E–G) Confocal images and 3D Imaris reconstructions showing mCherry+ (red), SYT2+ (green) synaptic boutons from infected PV+ cells expressing control
shRNA (E), Nek7 shRNA (F), and Nek7 shRNA with mNek7 for rescue (G) contacting pyramidal cells NeuN+ (blue). SYT2+ mCherry+ (filled arrowheads, yellow
spheres), SYT2+ mCherry (open arrowheads, green spheres).
(H) Percentage of SYT2+ mCherry+ somatic boutons contacting the pyramidal cells normalized to the percentage of PV+ cells infected in the area, comparing
shRNA (n = 182 PV+ neurons from sevenmice),Nek7 shRNA (n = 200 pyramidal cells from six mice), andmNek7 (n = 109 pyramidal cells from four mice). Kruskal-
Wallis test, pairwise comparisons.
*p < 0.05 and **p < 0.01; n.s., not significant. Data are represented as mean ± SEM. Scale bars represent 2 mm (B and C) and 5 mm (E–G). See also Figure S6.exogenous overexpression in pyramidal cells is not sufficient to
change microtubule dynamics and axonal development in this
population (Figure 5). This suggests that NEK7 is part of a
broadermolecular program present in interneurons but not in py-
ramidal cells. Further studies will be required to elucidate the
molecular mechanisms by which NEK7 mediates microtubule
dynamics in PV+ interneurons.
The motility and growth of axons in response to extracellular
cues require precise interactions between the actin andmicrotu-bule cytoskeletons (Conde and Ca´ceres, 2009; Geraldo and
Gordon-Weeks, 2009; Kalil and Dent, 2014). Although actin poly-
merization is the driving force of axon protrusion, it is only when
microtubules invade the filopodia that those become axonal
branches. Thus, changes in microtubule dynamics can alter
the development of the axon (Conde and Ca´ceres, 2009).
Consistent with this idea, we found that Nek7 knockdown im-
pairs microtubule dynamics, which leads to axons with altered
growth cone steering.Cell Reports 24, 1231–1242, July 31, 2018 1239
Intriguingly, although microtubule dynamics and axonal
behavior depend on NEK7 kinase activity, the arborization
phenotype seems to be kinase independent. It is plausible that
higher levels of the protein expressed by transfection together
with its residual kinase activity (O’Regan and Fry, 2009) may
not be sufficient to increase microtubule dynamics and axonal
growth but could compensate the morphological phenotype af-
ter several DIV. Alternatively, NEK7 may contribute to the final
formation of the axonal arbor through a molecular mechanism
independent of its kinase activity, as kinase-independent inter-
actions of NEK7 have been previously described (He et al.,
2016). Future experiments targeting the dead-kinase domain
at the endogenous locus will shed light on this interesting
phenomenon.
We observed a decrease in the synaptic connections of PV+
interneurons onto pyramidal cells that might be independent of
the length of the axons. Supporting this idea, synaptic structure
and function are also sensitive to changes in microtubule dy-
namics (Roos et al., 2000). It is also plausible that shorter and
misrouted axons with less elaborated arbors, as observed in
NEK7-deficient PV+ cells, may have fewer opportunities to reach
all the appropriated pyramidal cell targets to form synapses.
The precise function of NEK7 in microtubule dynamics and
axonal wiring, together with its specific expression in PV+ cells,
suggests that interneurons use specific mechanisms for axon
growth and synaptic targeting that are not present in other
cortical cells, including pyramidal cells. Compared with the
axons of their neighboring pyramidal cells, cortical interneuron
axonal paths are more tortuous and form a greater number of
crossings with their synaptic targets (Huang et al., 2007; Ste-
panyants et al., 2004; Wierenga et al., 2008). An attractive
explanation for these observations is that the assembly of
GABAergic synapses might be mainly the outcome of the
exploratory behavior of axons driven by a unique molecular pro-
gram that is absent in pyramidal cells. It is tempting to speculate
that a collection of proteins such as NEK7 confers unique be-
haviors to the PV+ axons that allow them to increase their
axonal arbor complexity and their efficiency to establish specific
connections with the highest possible number of neighbor pyra-
midal cells.
EXPERIMENTAL PROCEDURES
Mice
Animal procedures were approved by ethical committees (IN-CSIC and King’s
College London) and conducted in accordance with Spanish and European
Union regulations and Home Office personal and project licenses under the
UK Animals (Scientific Procedures) 1986 Act. All the experiments in vivo
were performed in males, and gender was not distinguishable for primary
cultures.
FACS, Microarrays, and qPCR
Neurons expressing GFP were isolated by FACS (FACSAria II; BD Biosci-
ences) and snap-frozen in liquid nitrogen to be kept at 80C. Total RNA for
microarray analysis and qPCR was extracted and purified using the RNeasy
Micro extraction kit (QIAGEN) and Tri-reagent extraction method (Sigma-Al-
drich) following the manufacturers’ instructions and hybridized to Mouse
Gene 1.0 ST Array (Affymetrix).
Microarray fluorescence intensity data were analyzed using the R package
BioConductor (Ihaka and Gentleman, 1996). Normalization was carried out1240 Cell Reports 24, 1231–1242, July 31, 2018with the algorithm Robust Multiarray Average (RMA). Finally, statistical signif-
icance for differential expression between the samples (IN P10 versus IN P0,
PyrP12 versus Pyr P0, and IN P10 versus Pyr P12) was measured using signif-
icance analysis of microarrays (SAM), selecting genes with a false discovery
rate (FDR) lower than 0.05 and a fold change greater than 2. Subsequently,
these lists were compared among them to obtain genes specifically expressed
in IN P10. The selected candidate was confirmed by qPCR.
DNA Constructs, Viral Production, and Viral Injections
All shRNAs, including Nek7 shRNA, were designed using Block-iT (Thermo
Fisher Scientific) against the open reading frame (ORF) sequence adding
EcoRI and AvrII enzymatic restriction sites at the 50 and 30 ends, respectively.
Control shRNAs were designed against gfp and lacZ gene sequences, which
are absent in the mouse. shRNAs were synthetized as single-stranded DNA
(ssDNA) and annealed to their complementary strand before being cloned
into the pDIO-shRNA-mCherry vector. The engineering of the pDIO-shRNA-
mCherry vector has been described previously (Favuzzi et al., 2017).
To generate the shRNA-resistant NEK7 full-length (mNek7), we introduced
synonymous mutations in the shRNA targeting sequence (50GAGAGAA
CCGTTTGGAAATAC-30) and added 33 FLAG sequences as a tag at the C-ter-
minal end of the coding sequence. The synthetic double-stranded DNA
(dsDNA) sequence (Strings-GeneArt Gene Synthesis Service; Thermo Fisher
Scientific) was A0-tailed and cloned into the pGEMT-Easy Vector (Promega)
and sub-cloned, after sequence verification, into the vector pDIO-Cheta-
TdTomato (37755; Addgene). The CDS Cheta-TdTomato sequence was
substituted by mNek7 using AscI and NheI.
The coding sequence for EB3 was PCR-amplified from a plasmid kindly pro-
vided by Dr. Niels Galjart (ErasmusMC) and sub-cloned into pILES-YFP vector
to produce the pILES-EB3-YFP as previously described (Geraldo et al., 2008).
To obtain isolated infected cells for morphological reconstructions, we in-
jected 1 mL of AAVs diluted 1:30, in PBS with FastGreen 0.5%, into the telen-
cephalic lateral ventricle of E15.5 Lhx6Cre embryos. To increase the yield of
infection for the analysis of PV+ wiring in pyramidal cells, P3–P4 mice were
anesthetized with isoflurane and placed in a stereotaxic frame. For detailed
procedures, see Supplemental Experimental Procedures.
Primary Cultures and Transfection
Cortices from Nkx2-1Cre or NexCre embryos at E17.5–E18.5 were dissected,
and cells were dissociated with trypsin (1 mg/mL, 15 min at 37C) followed by
gentle mechanical trituration as described previously (Rico et al., 2004). For
detailed procedures, see Supplemental Experimental Procedures.
Immunohistochemistry, Immunocytochemistry, and In Situ
Hybridization
Mice were anesthetized and perfused with PBS followed by 4%paraformalde-
hyde (PFA) in PBS. Similarly, cortical cultures were fixed in 4% PFA and 4%
sucrose diluted in culture media during 20 min at 12 DIV (interneurons) or 8
DIV (pyramidal cells) for immunocytochemistry. For detailed procedures, see
Supplemental Experimental Procedures.
For dual-color fluorescence in situ hybridization combined with immunohis-
tochemistry, mice were perfusedwith 4%PFA in PBS and the dissected brains
fixed overnight in the same solution. Brains were then cut at 30 mm, and free-
floating coronal sections were subsequently hybridized with digoxigenin-
labeled probes and antibodies as described previously (Favuzzi et al., 2017).
Probe sequence against Nek7 was obtained from the Allen Brain Atlas data-
base (Lein et al., 2007) and amplified using the following primers:
RP_050725_01_H03, 50-CGGAGGAGCTACGACAGC-30, 50-TGACTATCACG
CCAGGCA-30. Nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phos-
phate (BCIP) colorimetric in situ hybridization was performed as described
previously (Flames et al., 2007).
Image Acquisition and Analysis
Imageswere acquired at 1,02431,024pixel resolution, 8-bit depth, and400Hz
in an inverted Leica TCS-SP8 confocal microscope, blind to the experimental
condition. Image analysis was performed using Imaris 8.1.2 (Bitplane) after
applying background subtraction and Gaussian filtering with this software.
Time-lapse experiments were carried out in an incubation chamber to keep
the cultures at 37C and 4% CO2, and recordings were done at 7 DIV using a
resonant scanner (15%) and a hybrid detector (8,000 Hz). For microtubule dy-
namics quantification, confocal image stacks (1003, 1.44 NA objective, digital
zoom 2.2, 0.2 mm step size) were taken at 2 s intervals during 2 min and pixel
resolution was reduced to 512 3 512 to increase the scanning speed. For
growth cone dynamics analysis, confocal image stacks (203, 0.5 NA objective,
digital zoom 4.0, 1 mm step size) were taken at 2.5 min intervals during 1 hr.
For in vitromorphological reconstructions, neurons were imaged with a 203
objective (0.5 NA, digital zoom 0.75, 600 Hz, 1 mm z-step size). Conversely,
in vivo morphologies were imaged with a 633 objective (1.4 NA, digital
zoom 0.75 at 400 Hz, 0.5 mm z-step size). Although we could not confirm PV
identity in vitro because of the early time point of the primary cultures that
benefit the trace of isolated axons, we confirmed that the neuron was positive
for PV in vivo, before any morphological reconstruction.
For synaptic bouton quantifications, the same 1003 objective was used to
image 10 mmz stacks from the surface of the slice. For the synapses in isolated
neurons, once PV+ cells were identified, random regions of the neurite arbor
targeted with a Cre-dependent lacZ shRNA or Nek7 shRNA reported by
mCherry were imaged, and a surface was generated with the mCherry
channel.
Single plane confocal images were acquired with a 403 objective (1.3 NA,
digital zoom 0.75) and cell density and colocalization quantified with the Cell
Counter plug-in for ImageJ (NIH). Cells were quantified independently in the
different channels and then compared to identify co-expression of two
markers. The same experimental procedure was used for the in situ colocali-
zations of Nek7.
Statistical Analysis
Statistical analysis was performed using SPSS software (IBM). To obtain unbi-
ased data, experimental mice from the different conditions were processed
together, and quantifications were performed blind to the experimental condi-
tion. Data were analyzed with parametric tests, Student’s t test or ANOVA,
when datasets met assumptions of normality (Kolmogorov-Smirnov test)
and homoscedasticity (Levene test). In ANOVA, this was followed by Bonfer-
roni post hoc analysis for comparisons of multiple conditions. Non-parametric
tests for independent groups were applied when normality was notmet (Mann-
Whitney, Kruskal-Wallis). For the Kruskal-Wallis test, the Dunn-Bonferroni post
hoc test was used for comparison of multiple samples. Sholl analysis data
were analyzed using two-way ANOVA with Bonferroni correction. Finally, the
Mantel-Haenszel c2 test was used to compare the population distributions.
Data are expressed as mean ± SEM. Population distributions are expressed
as total cell percentages. Differences were considered statistically significant
at p < 0.05.
DATA AND SOFTWARE AVAILABILITY
The accession number for the microarray data reported in this paper is GEO:
GSE115948.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, one table, and six videos and can be found with this article on-
line at https://doi.org/10.1016/j.celrep.2018.06.115.
ACKNOWLEDGMENTS
We are thankful to D. Baeza and N. Carvajal for lab support, I. Andrew for
mouse management, L. Doglio for her technical assistance, S.A. Anderson
(University of Pennsylvania) for Nkx2-1Cre mice, N. Kessaris (University Col-
lege London) for Lhx6Cremice, S. Goebbels and K. A. Nave (Max Planck Insti-
tute of Experimental Medicine) for NexCremice, P. Gordon-Weeks (King’s Col-
lege London) for the pILES-EB3-YFP vector, Fazal Oozeer for his technical
help on cloning Nek7-NeonGreen and Nek7 KD, and R. Seeamber for helping
test the shRNA system.We are grateful to O. Marı´n, P. Gordon-Weeks, C. Ber-
nard, and L. Lim for critical reading of the manuscript andmembers of the Ricoand Marı´n laboratories for stimulating discussions and ideas. This work was
supported by grants from the Spanish Government (SAF2010-21723) and Eu-
ropean Research Council (ERC-2012-StG 310021) to B.R. A.J.H. was a recip-
ient of a Formacio´n de Personal Investigador (FPI) fellowship from the Spanish
Government (SAF2010-21723) and was subsequently supported by King’s
College London funds. B.R. is Wellcome Trust investigator.
AUTHOR CONTRIBUTIONS
B.R. and A.J.H. conceived the project. R.D. designed the plasmid backbones.
A.J.H. performed all the experiments and analyzed the data. A.J.H. and B.R.
interpreted the data and wrote the manuscript.
DECLARATION OF INTERESTS
The authors declare no competing interests. R.D. is currently working for
Reneuron.
Received: October 10, 2017
Revised: May 29, 2018
Accepted: June 27, 2018
Published: July 31, 2018
REFERENCES
Alsina, B., Vu, T., and Cohen-Cory, S. (2001). Visualizing synapse formation
in arborizing optic axons in vivo: dynamics andmodulation by BDNF. Nat. Neu-
rosci. 4, 1093–1101.
Ascoli, G.A., Alonso-Nanclares, L., Anderson, S.A., Barrionuevo, G., Bena-
vides-Piccione, R., Burkhalter, A., Buzsa´ki, G., Cauli, B., Defelipe, J., Faire´n,
A., et al.; Petilla Interneuron Nomenclature Group (2008). Petilla terminology:
nomenclature of features of GABAergic interneurons of the cerebral cortex.
Nat. Rev. Neurosci. 9, 557–568.
Ben-Ari, Y. (2002). Excitatory actions of gaba during development: the nature
of the nurture. Nat. Rev. Neurosci. 3, 728–739.
Cembrowski, M.S., Wang, L., Sugino, K., Shields, B.C., and Spruston, N.
(2016). Hipposeq: a comprehensive RNA-seq database of gene expression
in hippocampal principal neurons. eLife 5, e14997.
Cohen, S., Aizer, A., Shav-Tal, Y., Yanai, A., and Motro, B. (2013). Nek7 kinase
accelerates microtubule dynamic instability. Biochim. Biophys. Acta 1833,
1104–1113.
Conde, C., and Ca´ceres, A. (2009). Microtubule assembly, organization and
dynamics in axons and dendrites. Nat. Rev. Neurosci. 10, 319–332.
Custo Greig, L.F., Woodworth, M.B., Galazo, M.J., Padmanabhan, H., and
Macklis, J.D. (2013). Molecular logic of neocortical projection neuron specifi-
cation, development and diversity. Nat. Rev. Neurosci. 14, 755–769.
De Felipe, J., Marco, P., Faire´n, A., and Jones, E.G. (1997). Inhibitory synapto-
genesis in mouse somatosensory cortex. Cereb. Cortex 7, 619–634.
de Wit, J., and Ghosh, A. (2016). Specification of synaptic connectivity by cell
surface interactions. Nat. Rev. Neurosci. 17, 22–35.
DeFelipe, J., Alonso-Nanclares, L., and Arellano, J.I. (2002). Microstructure of
the neocortex: comparative aspects. J. Neurocytol. 31, 299–316.
Dent, E.W., and Kalil, K. (2001). Axon branching requires interactions between
dynamic microtubules and actin filaments. J. Neurosci. 21, 9757–9769.
Dent, E.W., Gupton, S.L., and Gertler, F.B. (2011). The growth cone cytoskel-
eton in axon outgrowth and guidance. Cold Spring Harb. Perspect. Biol. 3, 3.
Dumitriu, D., Cossart, R., Huang, J., and Yuste, R. (2007). Correlation between
axonal morphologies and synaptic input kinetics of interneurons from mouse
visual cortex. Cereb. Cortex 17, 81–91.
Favuzzi, E., Marques-Smith, A., Deogracias, R., Winterflood, C.M., Sa´nchez-
Aguilera, A., Mantoan, L., Maeso, P., Fernandes, C., Ewers, H., and Rico, B.
(2017). Activity-dependent gating of parvalbumin interneuron function by the
perineuronal net protein brevican. Neuron 95, 639–655.e10.Cell Reports 24, 1231–1242, July 31, 2018 1241
Fishell, G., and Rudy, B. (2011). Mechanisms of inhibition within the telenceph-
alon: ‘‘where the wild things are’’. Annu. Rev. Neurosci. 34, 535–567.
Flames, N., Pla, R., Gelman, D.M., Rubenstein, J.L.R., Puelles, L., and Marı´n,
O. (2007). Delineation of multiple subpallial progenitor domains by the combi-
natorial expression of transcriptional codes. J. Neurosci. 27, 9682–9695.
Fry, A.M., O’Regan, L., Sabir, S.R., and Bayliss, R. (2012). Cell cycle regulation
by the NEK family of protein kinases. J. Cell Sci. 125, 4423–4433.
Geraldo, S., and Gordon-Weeks, P.R. (2009). Cytoskeletal dynamics in
growth-cone steering. J. Cell Sci. 122, 3595–3604.
Geraldo, S., Khanzada, U.K., Parsons, M., Chilton, J.K., and Gordon-Weeks,
P.R. (2008). Targeting of the F-actin-binding protein drebrin by themicrotubule
plus-tip protein EB3 is required for neuritogenesis. Nat. Cell Biol. 10, 1181–
1189.
Gordon-Weeks, P.R. (2004). Microtubules and growth cone function.
J. Neurobiol. 58, 70–83.
Haq, T., Richards, M.W., Burgess, S.G., Gallego, P., Yeoh, S., O’Regan, L.,
Reverter, D., Roig, J., Fry, A.M., and Bayliss, R. (2015). Mechanistic basis of
Nek7 activation through Nek9 binding and induced dimerization. Nat. Com-
mun. 6, 8771.
He, Y., Zeng, M.Y., Yang, D., Motro, B., and Nu´n˜ez, G. (2016). NEK7 is an
essential mediator of NLRP3 activation downstream of potassium efflux. Na-
ture 530, 354–357.
Hoogenraad, C.C., and Bradke, F. (2009). Control of neuronal polarity and
plasticity–a renaissance for microtubules? Trends Cell Biol. 19, 669–676.
Huang, Z.J., Di Cristo, G., and Ango, F. (2007). Development of GABA innerva-
tion in the cerebral and cerebellar cortices. Nat. Rev. Neurosci. 8, 673–686.
Ihaka, R., and Gentleman, R. (1996). R: a language for data analysis and
graphics. J. Comput. Graph. Stat. 5, 299.
Jiang, X., Shen, S., Cadwell, C.R., Berens, P., Sinz, F., Ecker, A.S., Patel, S.,
and Tolias, A.S. (2015). Principles of connectivity among morphologically
defined cell types in adult neocortex. Science 350, aac9462.
Kalil, K., and Dent, E.W. (2014). Branch management: mechanisms of axon
branching in the developing vertebrate CNS. Nat. Rev. Neurosci. 15, 7–18.
Kim, S., Lee, K., and Rhee, K. (2007). NEK7 is a centrosomal kinase critical for
microtubule nucleation. Biochem. Biophys. Res. Commun. 360, 56–62.
Kolodkin, A.L., and Tessier-Lavigne, M. (2011). Mechanisms and molecules of
neuronal wiring: a primer. Cold Spring Harb. Perspect. Biol. 3, 3.
Kryuchkova-Mostacci, N., and Robinson-Rechavi, M. (2017). A benchmark of
gene expression tissue-specificity metrics. Brief. Bioinform. 18, 205–214.
Larsen, D.D., and Callaway, E.M. (2006). Development of layer-specific axonal
arborizations in mouse primary somatosensory cortex. J. Comp. Neurol. 494,
398–414.
Lein, E.S., Hawrylycz, M.J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., Boe,
A.F., Boguski, M.S., Brockway, K.S., Byrnes, E.J., et al. (2007). Genome-wide
atlas of gene expression in the adult mouse brain. Nature 445, 168–176.
Marı´n, O. (2012). Interneuron dysfunction in psychiatric disorders. Nat. Rev.
Neurosci. 13, 107–120.
Maroof, A.M., Brown, K., Shi, S.-H., Studer, L., and Anderson, S.A. (2010). Pro-
spective isolation of cortical interneuron precursors from mouse embryonic
stem cells. J. Neurosci. 30, 4667–4675.
McAllister, A.K. (2007). Dynamic aspects of CNS synapse formation. Annu.
Rev. Neurosci. 30, 425–450.
Meyer, M.P., and Smith, S.J. (2006). Evidence from in vivo imaging that synap-
togenesis guides the growth and branching of axonal arbors by two distinct
mechanisms. J. Neurosci. 26, 3604–3614.
Morris, N.R. (1976). Nucleosome structure in Aspergillus nidulans. Cell 8,
357–363.1242 Cell Reports 24, 1231–1242, July 31, 2018Nakajima, M., Go¨rlich, A., and Heintz, N. (2014). Oxytocin modulates female
sociosexual behavior through a specific class of prefrontal cortical interneu-
rons. Cell 159, 295–305.
Navarro, A.I., and Rico, B. (2014). Focal adhesion kinase function in neuronal
development. Curr. Opin. Neurobiol. 27, 89–95.
O’Connell, M.J., Krien, M.J.E., and Hunter, T. (2003). Never say never. The
NIMA-related protein kinases in mitotic control. Trends Cell Biol. 13, 221–228.
O’Regan, L., and Fry, A.M. (2009). The Nek6 and Nek7 protein kinases are
required for robust mitotic spindle formation and cytokinesis. Mol. Cell. Biol.
29, 3975–3990.
Paradis, S., Harrar, D.B., Lin, Y., Koon, A.C., Hauser, J.L., Griffith, E.C., Zhu, L.,
Brass, L.F., Chen, C., and Greenberg, M.E. (2007). An RNAi-based approach
identifiesmolecules required for glutamatergic and GABAergic synapse devel-
opment. Neuron 53, 217–232.
Rico, B., Beggs, H.E., Schahin-Reed, D., Kimes, N., Schmidt, A., and Reich-
ardt, L.F. (2004). Control of axonal branching and synapse formation by focal
adhesion kinase. Nat. Neurosci. 7, 1059–1069.
Roos, J., Hummel, T., Ng, N., Kla¨mbt, C., and Davis, G.W. (2000). Drosophila
Futsch regulates synaptic microtubule organization and is necessary for syn-
aptic growth. Neuron 26, 371–382.
Ruthazer, E.S., Li, J., and Cline, H.T. (2006). Stabilization of axon branch dy-
namics by synaptic maturation. J. Neurosci. 26, 3594–3603.
Salem, H., Rachmin, I., Yissachar, N., Cohen, S., Amiel, A., Haffner, R., Lavi, L.,
and Motro, B. (2010). Nek7 kinase targeting leads to early mortality, cytoki-
nesis disturbance and polyploidy. Oncogene 29, 4046–4057.
Shen, K., and Scheiffele, P. (2010). Genetics and cell biology of building spe-
cific synaptic connectivity. Annu. Rev. Neurosci. 33, 473–507.
Sommeijer, J.-P., and Levelt, C.N. (2012). Synaptotagmin-2 is a reliablemarker
for parvalbumin positive inhibitory boutons in the mouse visual cortex. PLoS
ONE 7, e35323.
Spruston, N. (2008). Pyramidal neurons: dendritic structure and synaptic inte-
gration. Nat. Rev. Neurosci. 9, 206–221.
Stepanova, T., Slemmer, J., Hoogenraad, C.C., Lansbergen, G., Dortland, B.,
De Zeeuw, C.I., Grosveld, F., van Cappellen, G., Akhmanova, A., and Galjart,
N. (2003). Visualization of microtubule growth in cultured neurons via the use of
EB3-GFP (end-binding protein 3-green fluorescent protein). J. Neurosci. 23,
2655–2664.
Stepanyants, A., Tama´s, G., and Chklovskii, D.B. (2004). Class-specific fea-
tures of neuronal wiring. Neuron 43, 251–259.
Sugino, K., Hempel, C.M., Miller, M.N., Hattox, A.M., Shapiro, P., Wu, C.,
Huang, Z.J., and Nelson, S.B. (2006). Molecular taxonomy of major neuronal
classes in the adult mouse forebrain. Nat. Neurosci. 9, 99–107.
Tasic, B., Menon, V., Nguyen, T.N., Kim, T.K., Jarsky, T., Yao, Z., Levi, B.,
Gray, L.T., Sorensen, S.A., Dolbeare, T., et al. (2016). Adult mouse cortical
cell taxonomy revealed by single cell transcriptomics. Nat. Neurosci. 19,
335–346.
Tremblay, R., Lee, S., and Rudy, B. (2016). Gabaergic interneurons in the
neocortex: from cellular properties to circuits. Neuron 91, 260–292.
Wierenga, C.J., Becker, N., and Bonhoeffer, T. (2008). GABAergic synapses
are formed without the involvement of dendritic protrusions. Nat. Neurosci.
11, 1044–1052.
Yissachar, N., Salem, H., Tennenbaum, T., and Motro, B. (2006). Nek7 kinase
is enriched at the centrosome, and is required for proper spindle assembly and
mitotic progression. FEBS Lett. 580, 6489–6495.
Zeisel, A., Mun˜oz-Manchado, A.B., Codeluppi, S., Lo¨nnerberg, P., La Manno,
G., Jure´us, A., Marques, S., Munguba, H., He, L., Betsholtz, C., et al. (2015).
Brain structure. Cell types in the mouse cortex and hippocampus revealed
by single-cell RNA-seq. Science 347, 1138–1142.
